A sustainable and secure food supply within a low-carbon and resilient infrastructure is encapsulated in 26 several of The United Nations' 17 sustainable development goals. The integration of urban agriculture in 27 buildings can offer improved efficiencies; in recognition of this, the first south European example of a fully 28 integrated rooftop greenhouse (iRTG) was designed and incorporated into the ICTA-ICP building by the 29 Autonomous University of Barcelona. This design seeks to interchange heat, CO2 and rainwater between 30 the building and its rooftop greenhouse. Average air temperatures for 2015 in the iRTG were 16.5°C 31 (winter) and 25.79°C (summer), making the iRTG an ideal growing environment. Using detailed 32 thermophysical fabric properties, 2015 site-specific weather data, exact control strategies and dynamic soil 33 temperatures, the iRTG was modelled in EnergyPlus to assess the performance of an equivalent 34 'freestanding' greenhouse. The validated result shows that the thermal interchange between the iRTG and 35 the ICTA-ICP building has considerable moderating effects on the iRTG's indoor climate; since average 36 hourly temperatures in an equivalent freestanding greenhouse would have been 4.1°C colder in winter and
Introduction
The high cost of energy, climate concerns and new environmental policies have brought about the challenge 145 of reducing the energy input into the greenhouse system while maintaining or increasing production per 146 unit of energy [37, 42] . 
160
On the other hand, food supply to urban areas is a complex issue and a major energy consumer. The flow 161 of food to cities follows a complex and linear model [10] defined by importing resources and exporting 162 emissions, leading to high lifecycle utilisation per kg food unit of energy resources, waste and CO2 163 emissions [49] . Where the concept of food production and building energy use has been united is in the use 
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The RTG concept has also been adapted in urban areas of Canada The Integrated Rooftop Greenhouse (iRTG) is presented from an industrial ecology perspective as a system 189 that incorporates urban agriculture into new or existing building rooftops in the city and consists of a 190 greenhouse interconnected with its host building in terms of energy, water and CO2 flows. As a new 191 approach to sustainable urban food production, iRTG is based on four main pillars: (1) the incorporation of 192 the concept of symbiosis between a rooftop greenhouse and the building by means of reusing residual 193 resource flows (energy, water and CO2), (2) the inter-connectivity of resource flows between iRTG and the 194 building, in that the greenhouse is not an isolated element outside the main building envelope, but an 195 integral part that requires consideration at the concept stage of building design, (3) environmental impact 196 reduction and high energy efficiency as a critical concept, (4) facilitation of the production of quality food 197 using building rooftops and generation of food production self-sufficiency in the urban context. Given the 198 global need for responsible energy consumption in buildings and the urgency to secure food supplies, the 199 contribution of this project is principally a design concept that creates a nexus or symbiosis between 200 building energy flow and food production. Thus, the expansions of cities can be seen as an opportunity and 201 not as an obstacle to maintain a secure food supply and energy efficiency.
202
The iRTG concept seeks to generate changes in the current conception of buildings as unproductive 203 elements. Through iRTG, a building can be viewed as an element that, in addition to meeting the need for 204 cover and protection, has the ability to support food production -regardless of its location around the world.
205
Megacities (Shanghai, Mexico City, Osaka, Beijing, NYC and others) and developing cities have 206 considerable artificialised areas and huge populations; the development of iRTG's affords the opportunity 207 to produce and consume zero km vegetables with no increases in the energy consumptions of the buildings.
208
That is, the concept of iRTG seeks to change the heterotrophic ecosystem of cities to an autotrophic urban 209 ecosystem that does not require food imports from rural areas.
210
Despite the various benefits that can derive from the iRTG, there are only a limited number of studies 211 around the world that address the issue, and these are from a mostly theoretical point of view. In Singapore,
212
Astee (2010) 
231
The building has a surface area of 7,200 m 2 distributed over 7 floors (5 levels above ground and 2 below).
232
The two sub-ground levels are used for car parking and storage, while the first four levels above ground are 233 equipped with offices, laboratories and common areas; and the fifth level houses four greenhouses for food There are two thermal interaction paths between the iRTG and the building: the ventilation air from 274 occupied spaces delivered to iRTG via air handling units (AHUs) and the displacement ventilation and air 275 heated by solar radiation rising through the double skin cavity (that terminates at the iRTG -see Fig. 2 ).
276
The objective is that the cumulative effect of these heat transfers provide the iRTG with optimal thermal 277 conditions (14-26°C) for Mediterranean horticultural crop production in a closed system throughout the 
281
A set of 5 control schedules administer heating, cooling and window openings to optimise energy use to 282 reflect seasonal and temperature requirements within the work areas (see Table 1 ). The laboratories are 283 exempt from this schedule as they have changing thermal requirements based on ongoing research. 
284

307
The Campbell data acquisition system comprises 12 temperature probes (Campbell 107 with an accuracy 308 of ±0.18°C), 3 combined temperature and humidity probes (Campbell CS215 with accuracies of ±0.3°C 309 and ±2%, respectively), 2 pyranometers (Campbell LP02 with expected accuracy for daily sums of ±10%) 310 and 2 surface-temperature probes (Campbell 110PV with an accuracy of ±0.2°C) for energy monitoring.
311
Additional Campbell probes also include sensors that monitor air quality, pH and conductivity of irrigation 312 water. A data logger (Campbell CR3000 with ±0.04% of accuracy) takes measurements every 5 s and 313 records the averages at 10 min intervals.
314
All sensors were pre-calibrated by Campbell. External data are obtained from the meteorological station of 
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E+ has the ability to accept the detailed spectral optical properties of the transparent fabric and 340 user-specified window and shading controls (see Table 2 ). [4] Reflective screen opening refers to the screen expanding to cover the iRTG below 
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The iRTG weekly average summer temperature was 25.9 °C, with a maximum of 39.7°C (the outside 450 weekly average and maximum were 24.4°C and 38.1°C, respectively). This is common in passive 
473
The 2015 thermal behaviour of the iRTG more closely resembles the atrium of the building than the outside 
490
The second largest errors are, similarly, temperatures in the absence of solar irradiation (night values) that 491 are on average under-predicted by 5.24%. This suggests that the actual iRTG internal climate is more 492 moderate than the E+ model prediction. One explanation is that the ICTA laboratories discharge their 'closely controlled' ventilation air into the iRTG. Recall from section 1-3 that the laboratory controls are 494 adjusted to achieve 21-25°C in an ad-hoc manner to satisfy the daily research agenda, and this 'random' 495 discharge of ventilation air into the iRTG cannot be matched exactly by the deterministic control schedules 496 used in E+. In addition, researchers intervene to readjust the controls of the iRTG; that again departs from 
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Therefore, the moderating effect that the integration of the iRTG with the building has had is not limited to 530 higher winter temperatures. The actual iRTG has additionally not suffered as many instances of overheating 531 that a freestanding structure would have experienced, thanks largely to the building thermal inertia and 532 cooler exhaust air discharged into the iRTG in the summer. This is also evident from the plot of annual 533 hourly temperatures ( Fig. 9) in which the freestanding model would have had winter lows of 2°C in the Table A1 : Thermo-physical and surface properties of the fabric construction of the ICTA-iRTG model.
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Clear Polycarbonate fabric material Thickness (mm) 0.8 [1] Conductivity (W/mK) 0.2 [1] Solar transmittance 0.835 [1] External surface solar reflectance 0.075 [2] Internal surface solar reflectance 0.075 [2] Visible light transmittance 0.883 [1] External visible light reflectance 0.061 [2] Internal visible light reflectance 0.060 [2] Total Infrared transmittance 0.800 [1] External surface emissivity (IR) 0.900 [2] Internal Surface emissivity (IR) 0.900 [2] U-value (W/m 2 K) 5.7 [1] Galvanised Steel framing Thickness (mm) 4 [1] Inside convective heat transfer coefficient (W/m 2 K) TARP [6] Internal radiative heat transfer coefficient (W/m 2 K) 1.847 [2] External surface resistance (m 2 K/W) 0.135 [2] External convective heat transfer coefficient (W/m 2 K) DOE-2 [6] External radiative heat transfer coefficient (W/m 2 K) 1.71 [2] Surface resistance (m 2 K/W) 0.04 [2] U-value (W/m 2 K) 5.84 [2] High-Density Polyethylene
Floor cover [5] Thickness (mm) 0.65 Thermal conductivity (W/m.K) 0.5 Specific heat (J/Kg.K) 1800 Density (Kg/m 2 ) 980
Surface thermal absorbance 0.9 Surface solar absorbance 0.7 Internal Convective heat transfer coefficient (W/m 2 K) 11.54 U-value (W/m 2 K) 2.45
Partition Polyethylene Curtains Emissivity 0.69 [1] Transmissivity 0.19 [1] Reflectivity 0.12 [1] Soil Condition [5] Active 
